may function to escort CENP-A HCP-3 for holocentromere assembly.
INTRODUCTION
The centromere is the specialized chromatin domain responsible for recruiting the kinetochore, which directs chromosome segregation by interacting with spindle microtubules. The majority of centromeric chromatin is epigenetically marked by a conserved histone H3 variant, centromere protein A (CENP-A/CenH3). In each cell cycle, new CENP-A is deposited onto centromeric chromatin to replenish CENP-A diluted during DNA replication (Jansen et al., 2007; Shelby et al., 2000) . A CENP-A-specific chaperone, Holliday-junction-recognizing protein (HJURP) in humans or Scm3 in budding and fission yeast, is responsible for the escort and assembly of CENP-A (Camahort et al., 2007; Mizuguchi et al., 2007; Williams et al., 2009; Pidoux et al., 2009; Foltz et al., 2009; Dunleavy et al., 2009) . The centromeric chromatin is proposed to be licensed to favor CENP-A assembly. In humans, Mis18 complex (Mis18a and b and M18BP1) is required for HJURP and CENP-A centromeric localization (Fujita et al., 2007; Barnhart et al., 2011) . Human Mis18 complex localizes to the centromere from late anaphase to early G1, just prior to CENP-A deposition (Fujita et al., 2007) . The centromeric localization of M18BP1 is regulated by its cellcycle-dependent phosphorylation (Silva et al., 2012; McKinley and Cheeseman, 2014) . M18BP1 in Xenopus and mouse cells is recruited by CENP-C, an inner kinetochore protein that itself requires CENP-A for its localization (Dambacher et al., 2012; Moree et al., 2011) . This positive feedback loop provides a self-targeting mechanism for CENP-A.
In S. pombe and human cells, Mis18 complex physically interacts with RbAp46/48 Mis16 , a WD40 repeat-containing histone chaperone associated with multiple chromatin-modifying complexes (Hayashi et al., 2004; Ai and Parthun, 2004; Kuzmichev et al., 2002; M€ uller et al., 2002; Parthun et al., 1996; Harrison et al., 2006; Hassig et al., 1997; Martínez-Balbá s et al., 1998; Verreault et al., 1996 Verreault et al., , 1998 Xue et al., 1998) . RbAp46/48 Mis16 is required for CENP-A recruitment in S. pombe, humans, and Drosophila (Fujita et al., 2007; Furuyama et al., 2006; Hayashi et al., 2004) . In S. pombe, RbAp46/48 Mis16 and Mis18 maintained histone H3 and H4 at the centromere in a hypoacetylated state (Hayashi et al., 2004) . By contrast, a histone deacetylase inhibitor rescued the CENP-A recruitment defect in Mis18a-depleted human cells (Fujita et al., 2007) , suggesting that centromeric histones acetylation is crucial for centromere licensing. In Drosophila, RbAp48 p55 on its own assembles CENP-A CID chromatin in vitro by interacting with CENP-A CID and H4 (Furuyama et al., 2006) . Although the kinetochore architecture is well conserved between monocentromeres and holocentromeres, it is unclear whether the centromere assembly pathway is conserved. In holocentric C. elegans, M18BP1 KNL-2 is the only factor known for CENP-A HCP-3 centromeric localization (Maddox et al., 2007) , and no homologs of Mis18 or HJURP Scm3 have been identified.
M18BP1
KNL-2 physically interacts with CENP-A HCP-3 and localizes at the centromere throughout the cell cycle (Maddox et al., 2007) . Unlike in monocentric organisms, in which M18BP1 is upstream of CENP-A, M18BP1
KNL-2 and CENP-A HCP-3 are interdependent for centromeric localization in C. elegans. Yet, the mechanistic details of CENP-A HCP-3 and M18BP1 KNL-2 centromeric recruitment remain unclear. In addition, the deposition timing of new CNEP-A HCP-3 in the cell cycle remains unknown in C. elegans, unlike in humans, Xenopus, and yeast (Bernad et al., 2011; Jansen et al., 2007; Moree et al., 2011; Pearson et al., 2004; Takayama et al., 2008) .
The dearth of knowledge on holocentromere assembly prompted us to search for CENP-A was characterized as an antagonizing regulator of the Rassignaling pathway for vulval induction (Lu and Horvitz, 1998 ) and a barrier for cellular reprogramming (Tursun et al., 2011) . Here, we demonstrated that RbAp46/48 LIN-53 is required for CENP-A HCP-3 centromeric recruitment and error-free chromosome segregation. We determined the localization dependencies between RbAp46/48 , CENP-A , and M18BP1 . We found that the function of RbAp46/48 in CENP-A HCP-3 assembly is independent of its role in histone acetylation or H3K27 trimethylation as part of those known chromatin-modifying complexes. Our analysis on this new role of RbAp46/48 in C. elegans contributes to our understanding of holocentromere assembly.
RESULTS

RbAp46/48 LIN-53 Is Required for CENP-A HCP-3
Localization at Centromeres To identify proteins potentially involved in CENP-A HCP-3 deposition at centromeres, we performed micrococcal nuclease digestion to isolate nucleosomes from C. elegans embryos and immunoprecipitated CENP-A . Mass spectrometric analysis identified the conserved histone chaperone, RbAp46/48 , as a protein associated with CENP-A HCP-3 chromatin (Table S1 ).
Reciprocal S1A , and S1B; Movie S1), similar to the effect of depleting M18BP1 KNL-2 (Maddox et al., 2007) . Consistently, immunofluorescence signal of centromeric CENP-A HCP-3 was lost upon RbAp46/48 depletion ( Figure S1C ). To confirm RbAp46/48 LIN-53 knockdown in protein and mRNA levels, western blot and RT-PCR were performed, respectively ( Figures 1C, 1D, Figure S1B ). The absence of a synergistic effect suggests that they function in the same pathway. , H3, and H4 mRNA levels in wild-type and RbAp46/48 -depleted whole worms. a-tubulin was used as a loading control. (E) Representative images of normal chromosome segregation, anaphase bridges, and chromosome missegregation as indicated by chromatin marker mCherry::H2B in one-cell embryos by live-cell imaging. Anaphase bridges are indicated by lagging chromatin threads between separating sister chromatids, whereas chromosome missegregation refers to the presence of unequal or multiple chromatin masses at telophase (yellow arrowheads). The scale bar represents 10 mm. Quantification of the percentage of cells with the respective mitotic defects in mock treatment, CENP-A HCP-3 , M18BP1 Figure 1E ). High rates of chromosome missegregation were observed after depletion of CENP-A HCP-3 (93%) or M18BP1 KNL-2 (90%). When RbAp46/48 was depleted, the metaphase plate could still be observed, yet 72% of one-cell embryos contain anaphase bridges and 41% undergo chromosome missegregation, both significantly higher than those in the mock treatment ( Figure 1E ).
RbAp46
To determine the degree of aneuploidy in multicellular embryos after depletion of RbAp46/48 LIN-53 , we visualized lac operator (lacO) sequences integrated on a translocated chromosome through GFP-tagged lac repressor (lacI) binding (Figures 1F and S1G) . Wild-type diploid embryos, as expected, contained mostly cells with two lacI foci (86%). By contrast, only 59% of cells in RbAp46/48 -depleted embryos contained two lacI foci and 24% of cells contained three or more foci, indicating a significant degree of aneuploidy. Chromosome missegregation and aneuploidy after RbAp46/48 depletion is expected to contribute to embryonic lethality ( Figure S1A ). localized to the nucleus in interphase, was present at the centromere in metaphase, and was undetectable in anaphase and telophase .
CENP-A HCP-3 and M18BP1 KNL-2 are dependent on each other for centromeric localization and are at the top of the kinetochore assembly hierarchy (Maddox et al., 2007; Kitagawa, 2009 (Hayashi et al., 2004; Fujita et al., 2007) . Despite the apparently contradictory results, there is a link between the centromeric function of RbAp46/48 and acetylation regulation in these two models. To determine whether RbAp46/48 LIN-53 RNAi affects centromeric or global histone acetylation, we performed immunofluorescence on metaphase chromosomes. In wild-type, the poleward-facing holocentromeric region was not hypoacetylated (Figures 3A and S3) , consistent with the lack of negative correlation between CENP-A HCP-3 and H3/H4 acetylation from chromatin immunoprecipitation followed by DNA microarray (ChIP-chip) analysis in C. elegans (Liu et al., 2011; Gassmann et al., 2012) . Although RbAp46/48 LIN-53 is a component of histone acetyltransferase complex (HAT1), nucleosome remodeling and histone deacetylation complex (NuRD), and Sin3 histone deacetylation complex (Ai and Parthun, 2004; Hassig et al., 1997; Parthun et al., 1996; Xue et al., 1998) , global H3K9 and H4 acetylation (H3K9ac and H4K5/8/12/16ac) levels after RbAp46/48 RNAi were comparable to wild-type by immunofluorescence ( Figure 3A ) and western blot ( Figure 3B LIN-53 -containing complexes, polycomb repressor complex 2 (PRC2), has a role in generating the transcriptional repression mark, trimethylated H3 at K27 (H3K27me3), for gene silencing (Bender et al., 2004) . This mark positively correlated (correlation index = 0.64) with CENP-A HCP-3 based on ChIP-chip analysis in C. elegans (Gassmann et al., 2012), but whether a causal relationship exists be- localization is unknown. However, when we analyzed the H3K27me3 pattern on wild-type metaphase chromosomes by immunofluorescence, we did not observe an enrichment of this modification at centromeres at this resolution ( Figure 3C MES-2 in PRC2 complex, which reduced chromosomal H3K27me3 level to 17% of wild-type (Figure 3C) . However, EZH2
MES-2 depletion did not significantly reduce centromeric GFP::CENP-A HCP-3 level ( Figure 3D ). This suggests that RbAp46/48 does not recruit CENP-A HCP-3 to the centromere through PRC2 complex. We also systematically depleted the core enzymatic component or the largest subunit of the other six RbAp46/48 -containing complexes ( Figure 4A ). None of these perturbations led to a decrease in centromeric GFP::CENP-A HCP-3 level ( Figures  4B and S4) . These results suggest that RbAp46/48 LIN-53' s role in centromeric CENP-A HCP-3 deposition may be independent of its roles as part of these known chromatin-modifying complexes.
DISCUSSION
Here, we establish a role for RbAp46/48 in CENP-A HCP-3 centromeric localization and chromosome segregation, consistent with its homolog's function in flies, humans, and fission yeast ( Figure 4C ; Furuyama et al., 2006; Hayashi et al., 2004) . The localization pattern of RbAp46/48 LIN-53 provides clues to the deposition timing of CENP-A HCP-3 . In humans, RbAp46/48 dissociates from chromatin upon mitotic entry and reassociates again in late mitosis, which is coincident with Mis18 complex centromeric localization time, and slightly before CENP-A deposition (Fujita et al., 2007; Hayashi et al., 2004; Jansen et al., 2007) and other kinetochore proteins. This is consistent with data in human cells, where 1% of centromeric CENP-A is sufficient to recruit kinetochore proteins and support partial centromere function (Fachinetti et al., 2013) . Alternatively, there may be a CENP-A HCP-3 -independent pathway for M18BP1 KNL-2 centromere assembly that remains to be identified. Interestingly, Maddox et al. (2007) showed that M18BP1 KNL-2 depletion resulted in a similar level of residual CENP-A HCP-3 on chromosomes as RbAp46/48 depletion, yet no other kinetochore proteins could be recruited to the centromere. These results suggest that M18BP1 KNL-2 , but not RbAp46/48 , is critical for building the kinetochore in C. elegans. Our localization dependency results also put licensing factor M18BP1 KNL-2 upstream of RbAp46/48 in the centromeric chromatin assembly hierarchy ( Figure 4C ). Despite the fact that RbAp46/ 48 LIN-53 is not required for kinetochore assembly, its role in ensuring full CENP-A HCP-3 recruitment is crucial for faithful chromosome segregation. These results suggest that kinetochores containing a low level of CENP-A HCP-3 are not fully functional. Mechanistically, we show that RbAp46/48 LIN-53 does not regulate centromere function via histone acetylation, in contrast to its human and fission yeast homologs (Fujita et al., 2007; Hayashi et al., 2004) , nor through H3K27 trimethylation. This may reflect the fact that holocentromeres are more plastic than monocentromeres because holocentromeres are not flanked by heterochromatin as in most monocentromeres, and no histone modification so far is known to affect holocentromere function. to the results in human cells (Hayashi et al., 2004) . Indeed, RbAp46/48 LIN-53 depletion has a more-pronounced effect on the protein level of CENP-A HCP-3 than histone H3.
In conclusion, we found that the conserved histone chaperone RbAp46/48 is required for the recruitment of CENP-A dsRNA Production Eight hundred to one thousand base pairs coding region of targeted genes was amplified from N2 C. elegans cDNA using primers with 5 0 flanking T3 (forward) and T7 (reverse) promoter sequences (listed in Table S2 ). Purified PCR products were subjected to in vitro transcription (MEGAscript Transcription Kit; Life Technologies). Reaction products were digested with TURBO DNase at 37 C for 15 min and purified (MEGAclear Kit; Life Technologies). Eluates were incubated at 68 C for 10 min followed by 37 C for 30 min to generate dsRNA. Purified dsRNA was mixed with 103 soaking buffer (109 mM Na 2 HPO 4 , 55 mM KH 2 PO 4 , 21 mM NaCl, 47 mM NH 4 Cl, and nuclease-free [DEPC-treated] H 2 O) to yield a concentration of >1 mg/ml.
RNAi L4 hermaphrodites were soaked in dsRNA solution containing 3 mM spermidine and 0.05% gelatin at 22 C for 24 hr and recovered at 22 C for 24 hr before analysis. In mock treatment, 103 soaking buffer with spermidine and gelatin were used.
Live-Cell Imaging
Preparation and mounting of OD421, AV221, and OD85 (Table S3 ) embryos were performed as described (Powers, 2010) . All images were acquired using Perkin-Elmer UltraView ERS spinning disk system (PerkinElmer) with an inverted Axio Observer (Carl Zeiss) at 22 C, a 633 1.4 NA oil objective, and an Evolve 512 EMCCD camera. Embryos were captured in stacks of 12 sections along z axis at 1-mm intervals. Images were taken at 25 s intervals with 200 ms and 400 ms exposures at the 488-nm (30%) and 543-nm (45%) channels, respectively.
Western Blotting
Equal number of wild-type and RNAi-treated adult worms were lysed in 75 ml M9/0.1% Triton X-100 (3 g KH 2 PO 4 , 6 g Na 2 HPO 4 , 5 g NaCl, 1 ml 1 M MgSO 4 , 1 ml Triton X-100, and H 2 O to 1l) and 25 ml 43 sample buffer (8% SDS, Immunofluorescence After dissection of N2 and AV221 (Table S3 ) gravid hermaphrodites, embryos were freeze-cracked in liquid nitrogen, fixed in methanol at À20 C for 30 min, rehydrated in PBS for 5 min, and blocked in AbDil (4% BSA and 0.1% Triton X-100 in PBS) at room temperature for 20 min. Incubation of primary antibody against RbAp48 p55 (1:100; Abcam ab53616), CENP-A HCP-3 (1:2,000; Novus 29540002 SDQ0804), M18BP1 KNL-2 (1:1,000; SDQ0803, a gift from the Desai lab), HEC1 (1:1,000; OD32, a gift from the Desai lab), lacI (1:500;
Millipore 05-503), H3K9ac (1:1,000; Millipore ABE18), H4ac (1:500; Millipore 06-598), or H3K27me3 (1:500; Millipore 07-449) was done at 4 C overnight.
Slides were washed with PBST before FITC-conjugated secondary antibody (1:200; Jackson ImmunoResearch Laboratories) incubation at room temperature for 1 hr. Mounting was done using ProLong gold antifade reagent with DAPI (Life Technologies). Images were acquired from Zeiss LSM 710 upright confocal microscope with a 633 1.4 NA oil objective and PMT detectors. Embryos were captured as z stacks with a z step size at 0.5 mm and 1.58 ms of pixel dwell time.
Image Quantification
All images were analyzed using ImageJ 1.45 software. For live-cell imaging, z stack images were subjected to maximum projection before quantification. Immunofluorescence images were quantified using a single z section. 
RT-PCR
An equal number of wild-type and RNAi-treated adult worms were subjected to RNA extraction using standard TRIzol (Life Technologies) method. Reverse transcription was done using iScript cDNA Synthesis Kit (Bio-Rad). 
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